MALATE DEHYDROGENASE SYNTHESIS
at 37 C by a rotatory shaker (180 strokes/min). Anaerobic cultures were grown at 37 C in 1-liter flasks filled to the top with the growth medium. The growth of the cultures was observed photometrically and was stopped by addition of chloramphenicol (100 ,ug per ml of growth medium). The cells were harvested at the logarithmic phase of growth by centrifugation for 10 min at 8,000 X g at 4 C. The pellet was suspended in an amount of cold (4 C) minimal medium lacking (NH4)2SO4, which equaled 50% of the volume of the growth medium, and was centrifuged again under the same conditions. The wash medium also contained chloramphenicol (100 ,ug/ml). The washed cells were suspended in 0.05 M tris(hydroxymethyl)aminomethane (Tris) buffer (pH 7.2). Growth rates were calculated from growth curves drawn from turbidity measurements.
Preparation of bacterial extracts. A 2 to 3 ml amount of the suspended washed cells was disrupted in a Branson Sonifier (Branson Instruments Inc., Danbury, Conn.). The vessel containing the cell suspension was cooled with a jacket of ice and the sonic treatment was stopped every 15 sec for a similar length of time to prevent over heating of the preparation. The temperature did not exceed 8 C. The cells were disrupted for six periods. After disruption, the preparations were centrifuged at 15,000 X g for 30 min at 4 C. The supematant solution was stored at -20 C. Practically no loss of enzyme activity was observed after storage of the extracts at this temperature for about 8 months.
Assay placed in the cold room and was cooled by circulating ice water. A solution of 0.01 M glycine-Tris-hydrochloride (pH 8.0) was added to the space at the top of the gel; its bottom was in contact with the same buffer (0.025 M) which was connected to the anode. The sample was applied carefully to the top of the gel with a Pasteur pipette. The cathode was immediately immersed in the upper buffer solution, and a current of 4 ma at 200 v was applied. The electrophoresis proceeded for 16 hr. The gels were removed from the condenser, washed once with distilled water, and stained for MDH activity by incubation at 37 C for 1 to 3 hr in a "substrate-dye solution" containing 23 ml of0.1 M Tris buffer (pH 8.6), 0.6 ml of NAD+ solution (3% w/v), 0.12 ml of PMS solution (0.5% w/v), 1.5 ml of NDDBT solution (1% w/v), and 2 ml of 1 M L-malate (pH 7.5). Figure 1 presents the levels of MDH found in A. aerogenes cells grown aerobically on various substrates, which served as the sole carbon and energy sources, in relation to the corresponding growth rates. For most carbon sources, an inverse linear relationship is observed between these enzyme levels and the corresponding growth rates. However, growth on some substrates, namely oxalacetate, L-malate, D-mannose, and D-galactose, resulted in enzyme levels which are higher than could have been expected according to this linearity. On the other hand, the value found for cells grown on maltose, D-glucuronate, and possibly melibiose and sucrose are lower than expected.
RESULTS
Most of the values for enzyme activities found in cells grown under anaerobic conditions also appear to be inversely related to the corresponding growth rates (Fig. 2) . Cells grown on L- Tables 1 and 2 but lower than the levels found in cells grown on each of the substrates alone (Table 3) . In these experiments, an Table 1 .
increase in the levels of MDH activity with the increase in growth rate can be observed. All of the cell-free extracts used in this investigation were subjected to acrylamide gel electrophoresis. Identical MDH patterns were found for all the enzymatic preparations. Some of these patterns are shown in Fig. 3 .
DISCUSSION
The wide variations in the values for MDH specific activity in Figs. 1 and 2 indicate the existence of regulatory mechanisms for the synthesis of this enzyme. Since different enzyme levels are found even at identical growth rates, growth substrates or their metabolic products may play an The decrease in the levels of MDH as the rate of growth is increased can be explained by assuming that carbon sources which support a faster rate of growth also produce higher intracellular concentrations of metabolites that repress enzyme synthesis. This suggests that the synthesis of MDH is subject to catabolite repression (5, 7). A similar interpretation was given by Mandelstam (6) and by Kornberg (3) for the inverse relationship between enzyme levels and rates of growth on different carbon sources which they observed in Eschirichia coli for ,3-galactosidase (E.C. 3.2.1.23) and for isocitrate lyase (E.C. 4.1. 3.1), respectively.
The results presented in Tables 1 and 2 furnish additional evidence that the synthesis of MDH is subject to catabolite repression. Low-level substrates (Table 1) , which presumably provide the cells with large amounts of catabolites (5, 7) , repress the synthesis of MDH even in the presence of L-malate, which probably acts as an inducer. Similarly, glucose reduces the enzyme levels found on some other high-level substrates when added to the growth medium (Table 2) . From the low levels of MDH shown in Table 3 it can be inferred that catabolites which repress MDH synthesis do accumulate even when the cells are grown on a mixture of L-malate and intermediate or high-level substrates.
The levels of MDH found in cells grown on L-malate or oxalacetate deviate from the linearity indicated in Fig. 1 and are higher than ex- pected, considering the growth rate they support. Since these compounds are also substrates for this enzyme, they may act as inducers. It is difficult to interpret in the same way the high levels of enzyme found in cells grown on D-mannose or D-galactose. Tanaka and Lin (8) reported that the first step in D-mannose utilization by A. aerogenes is its transphosphorylation by a phosphoenolpyruvate-dependent phosphotransferase. However, since this enzyme also facilitates the utilization of substrates that give low levels of MDH like D-glucose and D-mannitol (8) , its action is probably not relevant to the high levels of enzyme found in D-mannose-grown cells. Kamel and Anderson (2) suggested that the initial step in D-mannose metabolism by A. aerogenes is its transphosphorylation by glucose-6-phosphate, and that the latter compound is regenerated in a cyclic pathway. Since glucose-6-phosphate is also utilized for growth, a decrease should occur in its intracellular concentration and in the concentrations of compounds related to its metabolism. One, or perhaps some, of these compounds may act as a repressor for MDH synthesis, and its depletion may result in MDH derepression. The metabolism of D-galactose may also depend on the utilization of glucose-6-phosphate through glucose-l-phosphate (1), and similarly affect MDH synthesis.
The Fig. 1 . These observations suggest an increased accumulation of the repressor molecules in these cells. Although the rates of growth under anaerobic conditions (Fig. 2) are reduced as compared to those obtained at aerobic growth on the corresponding substrates (Fig. 1) , their inverse linear relationship to the levels of MDH is conserved. However, the linearity constant for this relationship, indicated by the slope of the line, is larger than the one observed for aerobic growth. Some of the MDH levels found under anaerobic growth conditions on particular carbon sources (Fig. 2) vary from the ones obtained under aerobic growth (Fig. 1) . Nevertheless, the levels observed in cells that were grown on L-malate and D-mannose are still higher than expected according to the linear relationship indicated in Fig. 2 . This observation suggests that under both aerobic and anaerobic growth conditions the same effector molecules regulate the synthesis of MDH.
In evaluating the results presented in this work, the possibilities were considered that there may be more than one type of MDH and that the levels of each of them may vary in a different way under the indicated growth conditions. The observation that identical MDH patterns on acrylamide gel electrophoresis (Fig. 3) were obtained for all the extracts excludes the latter possibility.
